Vacuum birefringence from Lorentz and CPT violation in the Standard-Model Extension can be constrained using ground-based optical polarimetry of extragalactic sources. We describe results from a pilot program with an automated system that can perform simultaneous optical polarimetry in multiple passbands on different telescopes with an effective 0.45 m aperture. 1 Despite the limited collecting area, our polarization measurements of AGN using a wider effective optical passband than previous studies yielded individual line-of-sight constraints for Standard-Model Extension mass dimension d = 5 operators within a factor of about one to ten of comparable broadband polarimetric bounds obtained using data from a 3.6 m telescope with roughly 64 times the collecting area. 2 Constraining more general anisotropic Standard-Model Extension coefficients at higher d would require more AGN along different lines of sight. This motivates a future dedicated ground-based, multi-band, optical polarimetry AGN survey with 1 m-class telescopes, to obtain state-of-the-art anisotropic Standard-Model Extension d = 4, 5, 6 constraints, while also using complementary archival polarimetry. This could happen more quickly and costeffectively than via spectropolarimetry and long before more competitive constraints from space-or balloon-based x-ray/γ-ray polarization measurements.
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The Standard-Model Extension (SME) 3 allows for the violation of both Lorentz and CPT symmetry. Some SME coefficients predict vacuum birefringence, resulting in a wavelength-dependent rotation of the plane of linear polarization for photons. Such SME effects would increasingly depolarize light traveling over cosmological distances, with stronger observable effects predicted at higher redshifts and higher energies. Broadband polarimetry and spectropolarimetry of high-redshift extragalactic sources can thus be used to place increasingly sensitive astrophysical bounds on the SME.
Since SME effects can vary across the sky, one requires multiple measurements along different lines of sight to adequately constrain the most natural anisotropic SME models: the number N (d) of distinct anisotropic vacuum-birefringent SME coefficients increases according to N Space-or balloon-based x-ray/γ-ray polarimetry can yield very sensitive line-of-sight constraints on the SME. 4 However, there are currently only about ten published x-ray/γ-ray polarization measurements of gamma-ray bursts (GRBs) that are not upper/lower limits.
4,5 By contrast, there are thousands of AGN with published broadband optical polarimetry and hundreds with spectropolarimetry. 7, 8 At present, it is thus much more feasible to obtain wider sky coverage quickly, including many sources over a range of redshifts, by analyzing archival polarimetry of the most highly polarized AGN, including BL Lacs, Blazars, and highly polarized quasars.
Ultimately, advances in space-or balloon-based x-ray/γ-ray polarimetry of high-redshift transient GRBs could provide significantly stronger bounds on anisotropic SME coefficients than optical AGN polarimetry in the coming decades.
2,4,6,9 However, since ground-based optical polarimetry and spectropolarimetry have smaller statistical and systematic errors than the more expensive and difficult x-ray/γ-ray polarimetry measurements, optical studies of AGN-the brightest, continuous, highly polarized, extragalactic optical sources-represent the most cost-effective approach to improve constraints on anisotropic SME coefficients today.
1,2,10
One can test CPT-odd birefringent SME coefficients with broadband polarimetry as follows.
1-3 The k (d) (V )jm SME coefficients predict a rotation of the linear polarization plane. For two photons with energies E 1 < E 2 emitted in the rest frame of a source at redshift z with the same polarization, the difference in polarization angle observed on Earth is
where Y jm (θ, φ) are the spin-weighted spherical harmonics with celestial coordinates (θ, φ), and
H(z ′ ) dz ′ is the effective comoving distance; H(z) is the Hubble parameter for a FRW cosmology.
If we conservatively assume 100% intrinsic source polarization at all wavelengths, 1,2,10 integrating Eq. (1) over the effective energy bandpass
T (E) yields intensity-normalized Stokes parameters q (d) (z) and u (d) (z) via
where
represents the theoretical maximum observable in the SME. Measuring a polarization fraction p ⋆ ± nσ p⋆ < p 2,10 These can also include lineof-sight constraints from spectropolarimetry, which can be about two or three orders of magnitude more sensitive than broadband polarimetry for d = 5.
2 Tests of CPT-even d = 4 SME coefficients are discussed in Ref. 10 . The Array Photo Polarimeter (APPOL) is a pilot program with an automated small telescope system.
1 It can conduct high-cadence, faintobject, optical polarimetry in multiple passbands with polarization-fraction statistical errors σ p 0.5-1% for targets with visual band magnitude V 14-15 mag, and systematic errors σ p ∼ 0.04%. These are competitive with the best ground-based optical-telescope measurements. APPOL is located at StarPhysics Observatory in Reno, Nevada at an elevation of 1585 m and serves as a test bed for future polarimeters that could be installed on 1 mclass telescopes capable of observing much fainter AGN.
1
APPOL uses dual-beam inversion optical polarimetry with Savart plate analyzers rotated through a half-wave-plate image sequence;
11 it employs an automated telescope, filter, and instrument-control system with five colocated telescopes on two mounts. We combined simultaneous polarimetry from two co-located Celestron 11-and 14-inch telescopes with an effective 17.8 inch (0.45 m) telescope diameter with Lum and I c filters into an effective optical bandpass with high transmission over the λ ≃ 400-900 nm range of the two filters.
1 This yields more stringent SME bounds than either filter alone and achieves the effective collecting power of a larger telescope.
Our initial APPOL campaign observed two sources: BL Lacertae and S5 B0716+714 at redshifts z = 0.069 and z = 0.31, respectively. This can only give SME line-of-sight constraints or bound the k (d) (V )00 isotropic CPTodd SME coefficient.
1 Simultaneous optical polarimetry with our Lum + I c filter can yield SME line-of-sight constraints that are theoretically up to ten times (d = 5) and 30 times (d = 6) more sensitive than in the I c band alone. Despite our small effective 0.45 m aperture, we achieved d = 5 line-of-sight constraints within a factor of up to ten in sensitivity compared to relevant constraints using broadband optical polarimetry with a V -band filter on a 3.6 m telescope with roughly 64 times the collecting area.
1,2
Using archival optical polarimetry and spectropolarimetry for AGN (and GRB afterglows), there is a unique opportunity to test k (d) (V ) SME coefficients about one to two orders of magnitude better than previous work.
2,10 While most archival optical data used a single filter, we conjecture that simultaneous observations in as few as two filters could constrain k (d) (V ) more cost-effectively than spectropolarimetry on 2 m-class telescopes. We are testing this now by performing simultaneous two-band optical polarimetry on roughly 10-20 of the brightest, highly polarized, AGN that an upgraded 0.5 m APPOL system can reasonably observe. This will enable design-feasibility studies for a ground-based, multi-band, optical polarimetry survey of high-redshift AGN with 1 m-class telescopes. Finally, with thousands of sources over the sky, archival and new optical polarimetry could, for the first time, provide sufficient data to constrain not just individual k (d) (V ) , but also a possible redshift dependence of any SME coefficients, potentially revealing time variation of the underlying fields and elucidating the role of the associated new physics over cosmic history.
